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Abstract
Thermal barrier coatings provide a means of thermal insulation of gas turbine
components exposed to elevated temperatures. They undergo severe microstructural
changes and material degradation, which have been implemented in this work by
means of a sequentially coupled microstructural mechanical calculation that made
use of a self-consistent constitutive model within finite element calculations. Anal-
yses for different temperatures and bond coat compositions were run, which repro-
duced the trends reported in previous research and identified the accumulation of
high out-of-plane tensile stresses within the alumina layer as an additional phe-
nomenon that could drive high temperature crack nucleation.
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1 Introduction
Thermal barrier coatings (TBCs) provide a means of thermal insulation that
can be applied to Ni-based superalloys and hence increase the high temper-
ature resistance of components made from them. TBCs are composed of a
ceramic top coat (TC) of ∼100-200 µm thickness of partially stabilized zirco-5
nia, i.e. ZrO2-7 wt% Y2O3 (PSZ) applied using either the atmospheric plasma
spraying (APS) technique [1, 2] or the electron-beam physical vapour deposi-
tion (EB-PVD) [2,3] technique; the TC acts as the thermal insulator. A ther-
mally grown oxide (TGO) of ∼1-10 µm composed mainly of alumina develops
underneath the TC. A bond coat (BC) of ∼100 µm guarantees both a smooth10
transition in the coefficient of thermal expansion (CTE) and good chemical
bonding with the substrate material. BCs can be composed of (Ni,Pt)Al or
MCrAlY, where M stands for Ni, Co or a combination of both. This layer is
usually deposited on the surface of the Ni-based superalloy and provides a
source of Al for the TGO, which acts as an oxidation barrier for the underly-15
ing material. However, as the TGO grows when exposed to high temperatures,
stresses are induced in both the TC and BC.
TBCs are mainly used for the thermal insulation of internally cooled gas tur-
bine blades and combustion chamber components. The presence of the TBC
creates a temperature drop so that, for a given level of air cooling within the20
blade, a higher combustion gas temperature can be tolerated. Alternatively a
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lower substrate temperature is produced, increasing the blade’s lifetime.
Three different sources contribute to the development of stress in TBCs: (i)
CTE mismatch, (ii) oxidation and growth of the TGO and its associated vol-
ume change, and (iii) externally applied load. Items (i) and (ii) are investigated25
in the present paper, but (iii) adds a further dimension to the set of parame-
ters defining the problem and has therefore not been investigated here. Creep
of the layers acts as a stress relieving mechanism, the stress at different points
of the TBC being a result of the interaction of those phenomena. Hence, it is
crucial to represent in a reliable manner the creep behaviour of the different30
layers.
Therefore, it is desirable to be able to use a fundamental approach to estimate
the creep behaviour of MCrAlY bond coats of arbitrary composition. Since
MCrAlYs can be regarded as multiphase alloys, a complete understanding
of their high temperature behaviour should not only take into account the35
temperature dependency of the initial isolated phases, but the microstructural
changes which occur with time and temperature variations as well.
The microstructural data that define the phase changes and oxidation of the
bond coat were obtained by means of a combined thermodynamic and ki-
netic model [4,5] that couples a calculation of phase equilibrium with a finite40
difference model of diffusion of elements in metallic alloys. These calculations
simulate the diffusion of elements between the substrate material and the bond
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coat in TBCs. The results of the calculations consist of the microstructural
evolution at different temperatures, specifically the phase proportions at each
spatial position as a function of time. The TGO growth is simulated within the45
model and coupled with the diffusion of the oxide-forming elements, notably
aluminium.
The TGO growth is caused by two parallel phenomena: the inward oxygen dif-
fusion from the external hot gas stream and the outward diffusion of oxidation-
prone elements, mainly aluminium. The interdiffusion of elements through the50
different layers creates particular zones where some elements or phases may
not be present at certain times and different phases may have formed instead,
hence changing the mechanical properties and behaviour of the material; the
main example of this phenomenon being the softening of the bond coat, in
terms of creep, which occurred upon β depletion.55
Coupled microstructural-mechanical models have been previously used by
Busso et al. [6–8] in order to model the formation of oxide. However, the
TGO layer was assumed to be composed of a mixture of alumina and an oxi-
dation resistant phase, i.e. γ-Ni, even in the fully oxidised state. The oxidation
process was simulated by means of the evolution of a function that progressed60
gradually from an initial value of 0 to a final value of 1, which represented the
fully oxidised state, driven by the concentration of oxygen calculated from a
diffusion analysis run prior to the structural analysis. The implementation of
this model resulted in a gradual oxidation of the bond coat, which implied that
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the oxidising alloy was composed of the phases initially contained in it and65
of oxide at the same time throughout the analysis, in contrast with the clear
interface between the two layers (bond coat alloy and oxide) that experimental
observation shows.
Due to the ranges of stress and temperatures to which TBCs are exposed,
the main material properties to take into account are the elastic, coefficient70
of thermal expansion and creep properties of the composing layers and indi-
vidual phases. Research carried out using Eshelby’s [9] inclusion technique to
obtain homogenization relations applicable for both the calculation of elastic
constants [10] and for the modelling of inelastic behaviours [11] such as creep
will be presented along the paper. A self-consistent model used to calculate75
the thermal expansion of a multiphase aggregate based on some of the results
obtained by Wakashima et al. [12] will also be presented.
The model described in this paper is used to study the accumulation of stresses
at high temperature caused primarily by oxidation. TBCs typically fail upon
cooling from high temperature, but a certain amount of high temperature80
exposure is required for spallation to occur, implying that the oxidation and
degradation of coated specimens creates the critical conditions that are re-
sponsible for failure upon cooling, i.e. failure of TBCs is not driven by thermal
shock alone, and high temperature processes play a critical role in the origin
of the debonding of the layers.85
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2 Constitutive model
The constitutive model used in this paper to simulate the behaviour of the
bond coat and TGO, which incorporates the effect of the microstructural
degradation and oxidation at high temperature, accounts for non-isothermal
and inelastic behaviour.90
The aggregate stress, in rate form and assuming small material rotation, is
expressed as
σ˙ = C :
(
ǫ˙− ǫ˙in
)
− 3KαT˙1 (1)
where σ˙ is the aggregate stress rate tensor,C the elastic tensor, ǫ˙ the aggregate
total strain rate tensor, ǫ˙in the aggregate inelastic strain rate tensor, K the
aggregate bulk modulus, α the aggregate coefficient of thermal expansion and
T˙ the rate of temperature change. The aggregate inelastic strain rate tensor,
ǫ˙
in, is composed of two parts, the strain rate tensor corresponding to creep,
ǫ˙
cr, and the transformation strain rate tensor, ǫ˙tr, originated from the volume
expansion that the precipitation of new oxide causes. The aggregate inelastic
strain tensor is then formulated as
ǫ˙
in = ǫ˙cr + ǫ˙tr (2)
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with the aggregate creep strain tensor obtained as:
ǫ˙
cr =
∑
g
f gǫ˙g,cr (3)
where f g is the volume proportion at which phase g is present and ǫ˙g,cr is its
corresponding creep strain rate tensor. The transformation strain rate is:
ǫ˙
tr =
1
3
f˙ ox ln(PBReq)1 (4)
which imposes an isotropic volume expansion to the newly deposited oxide.
f˙ ox is the rate at which oxide is being formed and PBReq the bond coat
equivalent Pilling-Bedworth ratio, calculated following Equation 9.
Finally, the equation that links the stress-strain states in the aggregate, σ˙,
and in the phases that compose it, σ˙m, is, expressed in rate form [11]:
σ˙
m = σ˙ + 2µ (1− βt) (ǫ˙
cr − ǫ˙m,cr) (5)
where βt =
2(4−5ν)
15(1−ν)
, obtained as the result of the application of Eshelby’s fourth
order tensor, S, to the case of a dispersion of spherical inclusions. Equations95
1 - 5 are solved using an explicit-implicit numerical algorithm within the FE
code ABAQUS by means of the UMAT user material subroutine [13].
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2.1 Additional considerations
The elastic tensor, C, used in Equation 1 is fully defined by two elastic con-
stants for isotropic materials. In this work, the elastic constants of the aggre-
gate have been calculated using the expressions originally derived by Budian-
sky [10] using Eshelby’s inclusion technique, as
N∑
i=1
f i
1 + βt
(
Gi
G
− 1
) = 1 (6)
N∑
i=1
f i
1 + βn
(
Ki
K
− 1
) = 1 (7)
where βt =
2(4−5ν)
15(1−ν)
as previously, βn =
1+ν
3(1−ν)
, ν = 3K−2G
6K+2G
and the i superscript
refers to each of the composing phase.100
The coefficient of thermal expansion, α, is calculated using an expression de-
rived upon the same hypotheses used by Wakashima et al. [12], modified to
make use of the self-consistency approach and generalised to take into account
the presence of several phases, yielding
α =
∑
g
f g
Kg
Kg + 2−4ν
1+ν
K
αg
∑
g
f g
Kg
Kg + 2−4ν
1+ν
K
(8)
where αg are the CTEs of the phases present in the aggregate.
The Pilling-Bedworth ratio assumed in this work was calculated as an equiv-
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alent value for a multiphase alloy according to
PBReq =
∑
g
f gPBRg (9)
where PBRg is the Pilling-Bedworth ratio of the phase g, defined as the ratio of
the volume of formed oxide to the volume of consumed metal during oxidation.
The methodology here merits a brief explanation. As there is no evidence that
the TGO layer is formed from discrete regions made up of oxides of elements105
in the same proportions as the phases in the underlying bond coat, the simple
rule-of-mixtures approach is used, and no attempt is made to treat the TGO
layer as a particulate composite via a self-consistent model.
3 Material properties
Calculations have been run assuming a typical configuration of a coated com-110
ponent, i.e. an IN-738LC base material with an MCrAlY bond coat and a
plasma-sprayed PSZ top coat. Two alternative compositions were taken into
account for the bond coat, namely LCO22 and PWA276, in order to assess
any possible influence of their composition in the developed stress levels. The
implementation of the different bond coat compositions is carried out by the115
use of their specific phase proportions as a function of temperature and time.
The properties of the IN-738LC alloy have been extracted from Ref. [14].
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Its nominal composition is given in Table 1. Temperature dependent elastic
constants (see Table 2) and coefficient of thermal expansion, shown in Table
3, were used [14]. Secondary creep data provided in Ref. [14] were fitted using120
the least squares method to a Norton-type equation [15] as shown in Equation
10,
ǫ˙
m,cr =
3
2
Am0 e
−
Qm
RT (σm)n
m
−1
sm (10)
where the creep exponent, nm, was linearly interpolated between the two tem-
peratures for which it is given in Table 4 in order to use the numerical values
that provide the best approximation to the available experimental data.125
APS PSZ is known to undergo a sintering process when it is exposed to high
temperature. However, based on experimental data obtained by Thompson
and Clyne [16], a Young’s modulus of 20 GPa was assumed for the temper-
ature range considered in this study. A value of 0.18 for its Poisson’s ratio
was assumed as done by Busso et al. [7]. Zhu and Miller [17] obtained the
creep properties of a plasma sprayed zirconia 8 wt% yttria ceramic coating
using experimental data produced under laser imposed temperature and stress
gradients. The primary creep stage was found to be representative in the over-
all behaviour of the coating, which reflects in the time hardening behaviour
presented in Equation 11 through the exponent, s, given in Table 4,
ǫ˙ = A0e
−
Q
RT σnt−s (11)
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The temperature-dependent coefficient of thermal expansion of the PSZ is
given in Table 3. The method of obtaining the creep constants that define the
behaviour of the phases present in bond coats is explained in a companion
paper [18] and the elastic constants and CTEs are listed in Tables 2 and 3
respectively.130
Xu and Wei [19] provide data of the Pilling-Bedworth ratios of γ′ and β; 1.795
and 1.71 were used in this analysis, respectively. No oxidation expansion was
assumed for γ and σ, which effectively implies that the volume expansion upon
oxidation is proportional to the fraction of aluminium-containing phases, i.e.
β and γ′.135
The TGO grows according to the equation
h =
(
k′pt
)nox
⇒ h˙ = nox
(
k′pt
)nox−1
k′p = nox
(
k′p
)nox
tnox−1 (12)
where k′p is the growth constant, nox the growth exponent and t the time. The
growth constant is calculated as:
k′p = e
Q
(
1
T0
−
1
T
)
[µm, K, s] (13)
which makes use of the activation energy, Q, and reference temperature, T0,
given in Table 5.
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4 Finite element model
4.1 Geometry and meshing
The geometry considered in the structural calculations presented here corre-140
sponds to a coated solid cylinder, as shown in Fig. 1, as it reproduces the
situation present when testing coated tensile specimens. The FE model used
to study the mechanical behaviour of the TBC consists of an axisymmetric
slice of the coated solid cylinder (see Fig. 1), which is modelled assuming the
dimensions given in Table 6.145
The bond coat-TGO-top coat interface is modelled as a sine wave [20–25] in
order to account for the interface roughness and stress concentration points.
Three geometric parameters, a, L and h, which represent the imperfection
amplitude, wavelength and TGO thickness respectively, as defined in Fig. 1,
are used to define the interface geometry.150
Amplitude, a, and wavelength, L, data have been extracted from micrographs
of four APS TBCs manufactured using different processes [26], and it has been
found that there is some degree of correlation between a and L; the average
values for these four TBCs (given in Table 7) are seen to follow a trend which
is largely independent of their method of manufacture. This interdependency155
of the amplitude and wavelength of the surface imperfections analysed in Fig.
2 by plotting the aspect ratio, a
L
against the wavelength, L, for the TBCs
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considered here. Wavelength values seem to be dependent upon the manufac-
turing process, but the dependency of the aspect ratio on the manufacturing
process seems to be weaker.160
A probability distribution chart can be generated from the data in Fig. 2.
This distribution, shown in Fig. 3, is obtained by projecting the data points
in Fig. 2 onto the ordinates axis and grouping these values into discrete inter-
vals. Realistic geometric parameters, that define the typical interface waviness
found in TBCs, can be extracted from Fig. 2. The distribution is shown to165
be somewhat skewed, with around 80% of the points corresponding to aspect
ratios of less than around 0.27, and the remainder forming a long tail and
possibly a further cluster somewhere around a
L
= 0.33.
In this work, a series of parametric studies has been run. Several combinations
of geometric parameters have been used, as shown in Table 8, considering three170
alternative interface geometries extracted from the data depicted in Figs. 2
and 3, with 48 µm wavelength and 6 µm amplitude, 24 µm and 8 µm, and
48 µm wavelength and 12 µm amplitude respectively. These values of a and
L were chosen to give ratios of 1:8, 1:3 and 1:4 respectively; the first two of
these combinations correspond (in round figures) to the ratios in the main175
cluster, in the possible second cluster, and the third gives an intermediate
ratio. Calculations with initial TGO thicknesses of 1, 3 and 5 µm have been
carried out on the 48 µm wavelength and 6 µm amplitude model, in order
to study the dependency of the stresses with that parameter. An initial oxide
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thickness of 1 µm was assumed for the rest of the models. The values of aspect180
ratio a
L
used for the models are marked on the Figs. 2 and 3.
Axisymmetric 4-node reduced integration elements have been used in the anal-
ysis, as they produce reliable results in creep-related problems [13]. Fig. 4
shows a detail view of the mesh in the TGO proximity. Different mesh densi-
ties have been used, with the highest mesh density being near the position of185
most interest, i.e. the TGO, and the coarser mesh being in the areas far from
that position of most interest.
Fig. 5 shows the boundary conditions applied to the model. The axial displace-
ments are restrained for the left surface, enforcing symmetry about that plane.
All the nodes on the right surface have the same axial displacement, again en-190
forcing a symmetric strain field. These constraints ensure that the model can
represent an infinitely-repeating region under uniaxial loading. The radial dis-
placements of the nodes on the axis of rotational symmetry are set to zero in
order to enforce simulation of a solid cylinder.
4.2 Integration of FE and microstructural data195
Fig. 6 shows diagrammatically the information flow and coupling of the mi-
crostructural and mechanical analyses. The microstructural calculations in-
troduced in §1 [5] were performed in a 1D finite difference model, producing
tables of phase proportions at each depth into the coating and substrate as
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a function of time, temperature and substrate composition. At the time of200
performing the work, the microstructural calculations had not been extended
from the basic 1D case to consider 2D or 3D geometries, due to a combination
of the complexity of the model (and associated numerical stability issues) and
the computationally-intensive nature of the phase stability calculations which
underly it. It was therefore necessary to map the results from the 1D mod-205
els onto the 2D axisymmetric meshes used for the structural finite element
modelling, necessitating an interpolation process as the discretisation of the
1D and 2D meshes does not match. The interpolation process is illustrated in
Fig. 7, which shows how the depth x from the TGO/bond coat boundary is
used to interpolate linearly from the results of the 1D model. The interpolated210
values of the volume proportion of each phase in the bond coat are written
to ABAQUS *.fil files (using a Fortran [27] program compiled using the
abaqus make facility [13]) as “field variables”; in the case of the TGO layer,
there is a single phase corresponding to alumina. The files of field variables
are then read by the ABAQUS solver and used within a UMAT user-defined215
material model subroutine which implements the constitutive model described
in §2, to define the behaviour of the bond coat and the oxide layer within the
mechanical analysis.
15
5 Results and discussion
5.1 Effects of geometry and bond coat composition220
Fig. 8 shows the radial stress evolution in the top coat peak location with time
when an LCO22 bond coat is assumed. In the results obtained for low a
L
ratios,
the growth of the TGO does not reflect in the accumulation of tensile stress
values, as opposed to the case for higher a
L
ratios, which implies that creep
relaxation occurs when a
L
is low and stress accumulation for high a
L
ratios. A225
similar phenomenon has been reported in Refs. [21,28], in which it is suggested
that there exists a critical imperfection aspect ratio, ac
L
, under which stresses
responsible of crack opening do not accumulate.
If a PWA276 bond coat is assumed, the corresponding stress histories are
shown in Fig. 9, which result in higher stress levels and stress rates, com-230
pared to those obtained with LCO22 bond coats, due to the increased Pilling-
Bedworth ratio that this alloy exhibits. The stress “jumps” in Fig. 9 are due
to the severe volume expansion imposed upon the elements undergoing oxi-
dation, which is modelled as an instantaneous change from the phases that
compose the unoxidised bond coat to pure α-alumina, accompanied by the235
corresponding expansion as explained in §2. Any particular element repre-
sents either bond coat or alumina, not a continuously-varying mixture of the
two, and the “jumps” occur as an element (or layer of elements) changes from
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bond coat to alumina (and expands according to its Pilling-Bedworth ratio) in
order to represent an increment of movement of the bond coat/TGO bound-240
ary. Convergence was studied as far as practical computation times permitted,
demonstrating that the overall accumulated stresses and strains due to oxida-
tion did not significantly depend upon the mesh or maximum strain increment
used. In this case, the same phenomenon occurs as was found for TBCs with
LCO22 bond coats, i.e. higher tensile stress levels and stress rates occur for245
higher a
L
ratios.
Similar observations regarding TC valley stresses can be made, as shown in
Figs. 10 and 11. In this case the stresses are compressive and the oxidation pro-
cess imposes a compressive stress rate except for the low a
L
with LCO22 bond
coat. When a certain value of a
L
is exceeded, the oxidation process is reflected250
in the accumulation of compressive stress in the top coat valley point. This
process is more intense when PWA276 bond coats are assumed, as these have
a higher aluminium content and thus higher γ′ and β proportions resulting in
a greater equivalent PBR according to Equation 9.
The trends in the growth stresses at the top coat peak point are consistent255
with other published calculations [7], which show that the oxidation produces
tensile stresses at that location with increasing thermal exposure [20]. This
phenomenon is more prevalent the higher the a
L
ratio is. The trends in the
oxidation stresses obtained using the model presented in this paper contrast
with those obtained if the growth of the oxide layer is modelled by means260
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of a swelling strain rate imposed to the oxide layer as in Refs. [23, 29–31], for
which the TC peak experiences compression and the valley tensile stresses [23].
The models presented here make some simplifying assumptions regarding the
use of a macroscopically isotropic self-consistent model and isotropic bond
coat structure and behaviour. These were adopted for reasons of practical-265
ity, particularly with regard to the limited availability of data for input into
homogenisation models. The influence of these assumptions has not been ex-
plored, but remains an area requiring further investigation in the future.
5.2 Effect of temperature
The temperature dependency of the top coat peak stresses is shown in Fig. 12.270
Lower temperatures imply slower oxidation rates, which do not produce tensile
stresses in the TC peak locations. Fig. 12 clearly shows that the PWA276 bond
coat produces higher tensile stresses in the top coat peak location than the
LCO22 alloy. These stresses are originated by its higher content in oxidation-
prone phases such as γ′ and β due to its higher content in aluminium.275
5.3 TGO growth stress
More noteworthy than the evolution of the top coat stresses is the develop-
ment of stress within the oxide layer. Since oxide formation is accompanied
by a volume expansion according to the Pilling-Bedworth ratio of the alloy,
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the precipitated oxide is initially subjected to compressive stresses caused by280
the presence of the surrounding material layers. In order to study the stress
evolution of the oxide layer, a study is made of the radial stresses in the ele-
ment in the central location between the peak and valley points adjacent to
the initial oxide layer, i.e. the “TGO centre” location in Fig. 4, is considered.
Fig. 13 shows the stress evolution at the location previously identified when an285
LCO22 bond coat is assumed. The effect of different initial oxide thicknesses,
h0, can be assumed to be minor compared with the imperfection aspect ratio,
a
L
. The first part of the graph shows a steep addition of compressive stress
that arises from the restriction to the expansion imposed by the surrounding
material. From that point, and as the oxide grows and its interface with the290
bond coat advances inwards into that layer, the oxide created at the begin-
ning of the analysis begins to accumulate tensile stress, which originates as a
reaction to the expansion attempts of the additional oxide being formed. This
accumulation of tensile stress at high temperature may be the origin of the
cracks within the oxide layer reported in Refs. [6, 32] after high temperature295
exposure.
A similar situation, although with higher stress levels, appears when a PWA276
bond coat is assumed as in Fig. 14. In this case, the intensity of the stresses and
the rate at which they change is noticeably higher due to the higher content
of aluminium and oxidation-prone phases in this alloy, causing the stresses to300
reach values over 1 GPa.
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A comparison of the effect of temperature in both type of TBCs is given in Fig.
15, which shows its very significant effect in the development of tensile stress.
The steep changes in the stress values is due to the severe volume changes
that arise upon the creation of new oxide.305
6 Conclusions
A coupled microstructural-mechanical model has been implemented using the
finite element method. The microstructural results from a one dimensional
finite difference diffusion model, which simulated the material degradation and
phase transformation upon thermal exposure, were imported into ABAQUS310
[13] by means of post-processing programs compiled using the abaqus make
execution procedure. A material user subroutine, based on a self-consistent
scheme (which extends the concept of Eshelby’s inclusion technique [9] to
consider non-dilute inclusion volume fractions) models the bond coat as a
multiphase aggregate taking into account the properties of each individual315
phase that composes it.
The TGO growth is modelled by changing the microstructure of the bond coat
elements adjacent to the oxide layer to that of pure alumina and imposing a
volumetric expansion according to the PBR of the oxidation reaction. The
PBR used in this paper was calculated as the equivalent value taking into320
account the individual ratios of the phases that compose the bond coat alloy
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and its microstructure. However, in view of the impact of this parameter in
the achieved stress levels, further investigations into the estimation of that
ratio are needed.
Additionally, the simplifications assumed in the composition and mechanical325
properties of the phases imply that aluminium is not present in the γ phase,
neglecting the contribution to alumina formation of that phase. Another source
of stress in the bond coat/TGO vicinity is that reported by Tolpygo and
Clarke [33], who suggested that the β → γ′ reaction was accompanied by a
volume contraction that would influence the stress levels achieved.330
Analyses were run for two different temperatures, 800◦C and 900◦C, for a 1000
h exposure time. All the material layers were assumed to creep at elevated
temperature. Stresses at peak and valley points of the top coat and at the
centre of the bond coat adjacent to the initial oxide layer, which represents
the first fraction of oxide being formed, were studied, leading to the following335
conclusions:
• The effect of TGO oxidation and growth on the top coat is the accumulation
of tensile stresses in the peak location. However, the results for low a
L
ratios
do not show any stress accumulation, suggesting the existence of a critical
imperfection aspect ratio, ac
L
, under which stresses in the top coat do not340
accumulate.
• Of the two bond coats studied in this work, the PWA276 alloy, which is
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richer in aluminium, produces higher stress levels than LCO22. The sever-
ity of the oxidation model creates abrupt jumps in the stress with time, a
phenomenon that is believed to be due to the discrete nature of FE mod-345
elling.
• Growth of the TGO produces an inverse effect on the TC valley locations
when compared to peak points; the stress normal to the interface, or equiv-
alently the radial stress in the models used in this work, accumulated com-
pressive stress upon oxidation, this process being more intense for higher350
temperatures, a
L
ratios and for higher Al contents in the bond coat.
• Stress values in the vicinity of the initial oxide layer, i.e. the first oxide
formed, reveal that they experience a fast compression arising because the
Pilling-Bedworth ratio of the bond coat alloy is higher than unity. That pro-
cess is typically followed by the accumulation of tensile stresses perpendicu-355
lar to the TGO/TC interface imposed by the oxide that forms subsequently,
reaching in some cases levels over 1 GPa.
• Tensile stresses accumulate in the oxide layer; these stresses may be respon-
sible for in-plane cracking of the TGO layer and cause partial debonding
and crack initiation at high temperature. This creates the critical conditions360
for subsequent top coat spalling upon cooling to room temperature.
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Tables
Element wt% IN-738LC, [14] LCO22 [34] PWA 276 [35]
Ni 61 32 48.29
C 0.11 - 0.01
Co 8.5 38.5 20.3
Cr 16 21 17.3
Mo 1.75 - -
W 2.6 - -
Ta 1.75 - -
Nb 0.9 - -
Al 3.4 8 13.6
Ti 3.4 - -
Al+Ti 6.8 - -
B 0.01 - -
Zr 0.05 - -
Fe, Mn, Si, S low as possible - -
Y - 0.5 0.5
Table 1
Nominal compositions of substrate and bond coats.
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T
(◦
C
)
IN
-7
38
L
C
,
[1
4]
γ
-N
i,
[3
6]
γ
′
N
i 3
A
l,
[3
7]
β
-N
iA
l,
[3
9]
σ
-C
r,
[3
6]
α
−
A
l 2
O
3
,
[4
0]
10 - - 184.536/
0.32
- - -
20 - - - - - 416/0.231
23.9 200.6/
0.28
- - - - -
27.0 - 206.718/
0.31
- 188.0/
0.313
304.92/
0.21
-
93.3 195.1/
0.27
- - - - -
204.4 190.3/
0.27
- - - - -
315.6 184.8/
0.28
- - - - -
426.7 179.3/
0.28
- - - - -
537.8 175.1/
0.30
- - - - -
648.9 167.6/
0.30
- - - - -
760 157/
0.3
- - - - -
850 - - 142.2568/
0.337
- - -
871.1 151/
0.29
- - - - -
982.2 140/
0.30
- - - - -
1000 - 132.1366/
0.31
- 150.0/
0.313
236.3377/
0.21
-
1500 - - - - - 338/0.252
Table 2
Elastic properties of materials, E (GPa) / ν.
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β
-N
iA
l,
[3
9]
σ
-C
r
[3
8]
α
A
l 2
O
3
,
[4
0]
A
P
S
P
S
Z
,
[4
1]
20 - 13.1 - 13.2 6.2 - -
23.9 11.23 - - - - - -
27.0 - - 12.5 - - - -
93.3 11.97 - - - - - -
100 - - - - - - 8.82
200 - - - - - - 9.4
204.4 13.23 - - - - - -
300 - - - - - - 9.75
315.6 14.4 - - - - - -
400 - - - - - - 10
426.7 15.46 - - - - - -
500 - - - - - 8.3 10.2
537.8 16.2 - - - - - -
600 - - - - - - 10.4
648.9 16.63 - - - - - -
700 - - - - - - 10.5
27.0 - - 16.8 - - - -
760 18.38 - - - - - -
800 - - - - - - 10.6
871.1 19.42 - - - - - -
900 - - - - - - 10.7
962.2 20.7 - - - - - -
1000 - - - - - - 10.8
1100 - - - - - - 10.9
1175 - - - - - - 11.0
1500 - - - - - 9.7 -
Table 3
CTE×106 of materials (◦C−1).
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Material A
0
(M
P
a−
n
s−
1
)
Q
k
J
·
m
ol
−
1
n
at
85
0◦
C
n
at
10
50
◦
C
s
IN-738LC, [14] 6.68×1048 1721 9.96 6.6 -
α− Al2O3, [40] 415.12 325 1.08 1.08 -
YSZ [17] 0.026 104.5 0.56 0.56 0.67
NiAl (β) [39, 42–46] 2.18×10−1 315.0 5.42 5.42 -
Ni (γ) [36] 2.79×105 381.0 5.42 4.90 -
Cr (σ) [36] 1.24×104 384.0 4.94 4.48 -
Ni3Al (γ
′) [47] 8.19×10−14 26.8 3.14 4.30 -
Table 4
Creep properties of materials.
Parameter Value
Q 27777.4 K
T0 2423.7 K
nox 0.332
Table 5
Parameters used in TGO growth calculation. Q, T0 and nox were extracted from
Ref [48].
Layer Thickness
Substrate 2 mm
Bond coat 225 µm
TGO h0 (parameter)
Top coat 178 µm
Table 6
Model dimensions.
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TBC number L¯, µm a¯, µm a¯
L¯
1 64.8 9.7 0.157
2 27.7 3.3 0.154
3 37.5 7.1 0.226
4 51.8 8.2 0.171
Table 7
Wavelength, amplitude and aspect ratio averages for the imperfections in the TBCs
from Ref. [26]
Parameter Value
A 6-8-12 µm
h 1-3-5 µm
L 24-48 µm
Table 8
TBC geometric parameters.
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Figure List445
Fig. 1. Model geometry, showing geometric parameters that define the
TBC .
Fig. 2. a
L
vs. L for different manufacturing processes.450
Fig. 3. a
L
distribution.
Fig. 4. Detail of FE mesh, showing locations where the radial stresses
have been studied.455
Fig. 5. Boundary conditions.
Fig. 6. Diagram showing the flow of information in the sequentially cou-
pled microstructural-mechanical analysis.460
Fig. 7. Diagram showing the linear interpolation carried out in order
to transfer the microstructural data from the 1D finite differences
model to the 2D finite element mesh. The continuous arrow repre-
sents the use of the depth, x, read from the FE mesh, to interpolate465
the phase proportions, f , which are then assigned back to the node
under consideration, as indicated by the discontinuous line.
Fig. 8. TC peak radial stress evolution with time at 900◦C using different
geometric parameters, assuming an LCO22 bond coat.470
Fig. 9. TC peak radial stress evolution with time at 900◦C using different
geometric parameters, assuming a PWA 276 bond coat.
Fig. 10. TC valley radial stress evolution with time at 900◦C using dif-475
ferent geometric parameters, assuming a LCO22 bond coat.
Fig. 11. TC valley radial stress evolution with time at 900◦C using dif-
ferent geometric parameters, assuming a PWA 276 bond coat.
480
Fig. 12. Effect of temperature and bond coat composition on the TC
peak radial stress evolution with time.
Fig. 13. TGO centre radial stress evolution with time at 900◦C using dif-
ferent geometric parameters, assuming an LCO22 bond coat.485
Fig. 14. TGO centre radial stress evolution with time at 900◦C using dif-
ferent geometric parameters, assuming a PWA 276 bond coat.
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Fig. 15. Effect of temperature and bond coat composition on the TGO490
centre radial stress evolution with time.
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